Universal Isgur-Wise form factors from QCD sum rules in HQET by Colangelo, P. et al.
ar
X
iv
:h
ep
-p
h/
98
10
47
8v
1 
 2
6 
O
ct
 1
99
8
1
Universal Isgur-Wise form factors from QCD sum rules in HQET
P. Colangeloa∗, F. De Fazioa and N. Paverb
a Istituto Nazionale di Fisica Nucleare - Sezione di Bari, via Amendola n.173, 70126 Bari, Italy
b Dipartimento di Fisica Teorica dell’Universita´ di Trieste and Istituto Nazionale di Fisica Nucleare -
Sezione di Trieste, Strada Costiera 11, 34014 Trieste, Italy
We review the role of the universal Isgur-Wise functions parameterizing the B meson semileptonic matrix
elements to excited charm states in the infinite heavy quark mass limit. We also discuss the determination of
such form factors by QCD sum rules in the framework of the Heavy Quark Effective Theory.
1. UNIVERSAL FORM FACTORS
The heavy quark flavor and spin symmetry
of QCD, exactly valid in the infinite mQ limit,
has important consequences on the spectrum, the
static properties and both the strong and weak
decay matrix elements of the hadrons contain-
ing a single heavy quark Q [1–3]. Notably, in
such heavy quark effective theory (HQET), for
mQ → ∞ the states can be classified in degen-
erate doublets by the total angular momentum
~J and by the angular momentum of the light de-
grees of freedom (quarks and gluons) ~sℓ = ~J−~sQ,
and the semileptonic matrix elements between
members of the doublets identified by sℓ and sℓ′
can be expressed in terms of “universal” form fac-
tors which are functions of y = v·v′ (with v and v′
the initial and final hadron four-velocities). This
is a well known result for B → D(∗)ℓν¯: the pseu-
doscalar B,D and vector B∗, D∗ mesons have
sPℓ =
1
2
−
, and the semileptonic matrix elements
can be written in terms of a single universal form
factor, the Isgur-Wise function ξ(y). The heavy
flavour symmetry requires that such form factor is
normalized to unity at the zero recoil point y = 1.
In the case of transitions between members
belonging to different HQET multiplets, addi-
tional form factors are introduced. An impor-
tant example involves the four meson states cor-
responding to the orbital angular momentum
L = 1 (P waves in the constituent quark model),
which can be classified in the doublets: JP =
∗speaker at the Conference
(0+1/2, 1
+
1/2) and J
P = (1+3/2, 2
+
3/2), according to
the values sPℓ =
1
2
+
and sPℓ =
3
2
+
, respectively.
Denoting the corresponding charm mesons by
(D0, D
∗
1) and (D1, D
∗
2), the weak matrix elements
< (D0, D
∗
1)|V −A|B > and< (D1, D∗2)|V −A|B >
can be written in terms of two independent func-
tions, τ1/2 and τ3/2, respectively [4], that allow
the complete description of the physical processes
at the leading order in 1/mQ. However, contrary
to the case of the Isgur-Wise function ξ, one can-
not invoke symmetry arguments to predict the
normalization at y = 1 of τ1/2(y) and τ3/2(y).
From the phenomenological point of view, the
B → D∗∗ semileptonic transitions (D∗∗ being
the generic L = 1 charmed state) are interesting,
since in principle these decay modes may account
for a sizeable fraction of the inclusive semilep-
tonic B-decay rate. In any case they represent a
well-defined set of corrections to the theoretical
prediction that, in the limit mQ → ∞ and un-
der the condition (mb −mc)/(mb +mc)→ 0, the
total semileptonic B → Xc decay rate should be
saturated by the B → D and B → D∗ modes
[2]. Another point of interest, the values of the
B → D∗∗ form factors at y = 1 provide a lower
bound to the slope ρ2 of the function ξ [5]:
ρ2 ≥ 1
4
+ |τ1/2(1)|2 + 2|τ3/2(1)|2 . (1)
They also appear in the “dipole” sum rule [6]
Λ¯
2
= (Λ¯+−Λ¯)|τ1/2(1)|2+2(Λ¯T−Λ¯)|τ3/2(1)|2+. . .(2)
where Λ¯ = MB − mb, Λ¯+ = MD0 − mc, Λ¯T =
2MD1 −mc are heavy meson “binding energies”.
The investigation of the semileptonic B tran-
sitions to excited charm states is an important
issue for the theoretical analysis of the D∗∗ pro-
duction in nonleptonic B decays [7], as well as for
CP physics at B factories [8]. As for ΛQCD/mQ
effects in such processes, they are discussed in [9].
The charmed 2+3/2 state, D
∗
2(2460), has been
observed with mD∗
2
= 2458.9± 2.0 MeV, ΓD∗
2
=
23±5 MeV andmD∗
2
= 2459±4MeV, ΓD∗
2
= 25+8−7
MeV for the neutral and charged states, respec-
tively. The HQET state 1+3/2 can be identified
with D1(2420), with mD1 = 2422.2 ± 1.8 MeV
and ΓD1 = 18.9
+4.6
−3.5 MeV (a 1
+
1/2 component is
contained in this physical state, due to the mix-
ing allowed for the finite value of the charm quark
mass). There is also some experimental evidence
of beauty sPℓ =
3
2
+
states [10].
Both the states 2+3/2 and 1
+
3/2 decay to hadrons
by d−wave suppressed transitions. On the other
hand, the sPℓ =
1
2
+
doublet (D0, D
∗
1) has not been
observed yet. The strong decays of such states
occur through s-wave transitions, with expected
larger widths than in the case of the doublet 32
+
.
Theoretical analyses of the coupling constants
governing the two-body hadronic transitions can
be carried out by QCD sum rules, in analogy with
the determinations of the B∗Bπ, D∗Dπ couplings
[11], obtaining Γ(D00 → D+π−) ≃ 180 MeV and
Γ(D∗01 → D∗+π−) ≃ 165 MeV, and the mixing
angle α between D∗1 and D1 α ≃ 160 [12].
2. FORM FACTOR τ1/2 FROM QCD
SUM RULES IN HQET
The matrix elements of the semileptonic B →
D0ℓν¯ and B → D∗1ℓν¯ transitions can be parame-
terized in terms of six form factors:
< D0(v
′)|c¯γµγ5b|B(v) >√
mBmD0
=
g+(y)(v + v
′)µ + g−(y)(v − v′)µ ,
< D∗1(v
′, ǫ)|c¯γµ(1− γ5)b|B(v) >√
mBmD∗
1
=
gV1(y)ǫ
∗
µ + ǫ
∗ · v [gV2(y)vµ + gV3(y)v′µ] −
i gA(y)ǫµαβγǫ
∗αvβv′γ . (3)
The relation of gi(y) in (3) to τ1/2(y) [4], in the
limit mQ → ∞, involves short-distance coeffi-
cients which depend on the heavy quark masses
mb,mc, on y and on a mass-scale µ, and connect
the QCD vector and axial vector currents to the
HQET currents. At the next-to-leading logarith-
mic approximation in αs such relations are:
g+ + g− = −2
(
C51 + (y − 1)C52
)
τ1/2
g+ − g− = 2
(
C51 − (y − 1)C53
)
τ1/2
gV1 = 2(y − 1) C1 τ1/2
gV2 = −2 C2 τ1/2
gV3 = −2
(
C1 + C3
)
τ1/2
gA = −2 C51 τ1/2 . (4)
The Wilson coefficients Ci, depending on a scale
µ, are reported, e.g., in [13]. Since the form fac-
tor τ1/2 is defined by the matrix elements of weak
currents in the effective theory, it depends on µ;
it is possible to remove the scale-dependence by
compensating it by the µ-dependence of the Wil-
son coefficients, defining τ ren1/2.
The universal functions can be estimated by
non-perturbative approaches; a genuinely field
theoretical method is represented by HQET QCD
sum rules, which allow to relate hadronic observ-
ables to QCD parameters via the Operator Prod-
uct Expansion (OPE) of suitable Green functions.
The expansion involves αs corrections in the co-
efficients of the OPE, as well as non-perturbative
quark and gluon vacuum condensates.
A critical aspect of the sum rule calculations in
HQET is represented by the size of non-leading
terms, such as the αs corrections. For exam-
ple, the predictions for the leptonic constants of
q¯Q pseudoscalar mesons are affected by consid-
erably large next-to-leading corrections in αs [3].
Conversely, for the Isgur-Wise function ξ(y) the
next-to-leading order αs corrections turn out to
be small and well under control [14].
In what follows we present a recent determi-
nation of τ1/2(y) in the frameworks of HQET
QCD sum rules at the next-to-leading order in
the strong coupling αs [13]. The method is based
3on the three-point correlator
Πµ(ω, ω
′, y) = i2
∫
dx dzei(k
′x−kz)
< 0|T [Jv′s (x), A˜µ(0), Jv5 (z)†]|0 >(5)
with A˜µ = h¯
v′
Q′γµγ5h
v
Q the b → c weak axial cur-
rent in HQET, Jv
′
s = q¯h
v′
Q′ and J
v
5 = q¯iγ5h
v
Q local
currents interpolatingD0 and B, h
v
Q being HQET
quark fields. Here, ω = 2v · k and ω′ = 2v′ · k′,
and k, k′ are residual momenta in the expansion
of the heavy meson momenta: P = mQv + k,
P ′ = mQ′v
′ + k′. The residual momenta remain
finite in the heavy quark limit.
Using the analyticity of Π in ω and ω′ at fixed y,
we can represent (5) in terms of physical hadronic
states, giving poles at positive values of ω and
ω′ and a continuum. The lowest-lying contribu-
tion, determined by the B, D0 pole, introduces
the form factor of interest:
Πpole(ω, ω
′, y) =
−2τ1/2(y, µ)F (µ)F+(µ)
(2Λ¯− ω − iǫ)(2Λ¯+ − ω′ − iǫ) .(6)
F (µ), F+(µ) are HQET couplings of the pseu-
doscalar and scalar interpolating currents to their
respective 0− and 0+ bound states:
< 0|Jv5 |B(v) > = F (µ) (7)
< 0|Jvs |B0(v) > = F+(µ) . (8)
Notice that F (µ) is related to the familiar B-
meson leptonic decay constant fB. The parame-
ters Λ¯ and Λ¯+ identify the position of the poles
in ω and ω′. As noted previously, µ independent
quantities F+ and F can be obtained by suitable
perturbative factors.
The contribution of higher states to Π in (5) is
taken into account by invoking the quark-hadron
duality ansatz, and is modeled by a perturbative
QCD continuum.
The correlator (5), at large negative ω, ω′, can
also be expressed in QCD by using the short-
distance operator product expansion, in terms of
perturbative and nonperturbative contributions:
Π = Πpert +Πnp . (9)
In (9) Πnp represents the series of power correc-
tions in the ”small” variables 1ω and
1
ω′ . These
corrections are determined by quark and gluon
vacuum condensates, which account for the fea-
tures of the nonperturbative strong interactions.
The QCD sum rule for τ1/2 is obtained by im-
posing that the QCD and the hadronic represen-
tations numerically match in a suitable range of
Euclidean values of ω and ω′.
To ”optimize” the sum rule, a double Borel
transform in the variables ω and ω′ is applied.
This allows to eliminate subtraction terms, im-
prove the convergence of the nonperturbative se-
ries and enhance the role of the lowest-lying me-
son states.
The same method can be applied to determine
F+, Λ¯+ (fig.1) and F , Λ, considering two-point
correlators. The result is Λ+ = 1.0 ± 0.1 GeV,
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Figure 1. Λ¯+ and F+ vs the Borel parameter τ ′.
F+ = 0.7 ± 0.2 GeV 32 , and Λ = 0.5 ± 0.1 GeV,
F = 0.45±0.05 GeV 32 . The difference ∆ = Λ¯+−Λ¯
corresponds to ∆ = mD¯0 − mD¯0 , with D¯ and
D¯0 the spin averaged states of the
1
2
−
and 12
+
doublets. The central value ∆ = 0.5 GeV en-
ables the prediction mD¯0 ≃ 2.45 GeV, with an
uncertainty of about 0.15 GeV. Determinations
of F+ at the order αs = 0 by QCD sum rules
gave the result: F+ = 0.46± 0.06 GeV 32 [15] and
F+ = 0.40±0.04 GeV 32 and Λ¯+ = 1.05±0.5 GeV
4or Λ¯+ = 0.90 ± 0.10 GeV [16] depending on the
choice of the interpolating currents, which shows
the significant size of the αs corrections in this
case.
Determinations of F+ by relativistic quark
models give F+ ≃ 0.6− 0.7 GeV3/2 [17].
The O(αs) corrections to the perturbative part
of the sum rule for τ1/2 are represented by the
two-loop diagrams in fig.2. The result of their
k k
0
v v
0
 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)

    

 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)
	






 



	
 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)


 
	

 

 


 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)


 



 




 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)









 
 
 
 
 
 
 
 
@
@
@
@
@
@
@
@
(
(
)
)





 

 

1
Figure 2. Two-loop diagrams in Πpert.
calculation, as well as of O(αs) corrections to the
condensate terms, is reported in [13].
In the numerical analysis of the sum rule for
τ1/2, the αs contribution to Π
pert turns out to
be sizeable. However, it is partially compensated
by the analogous corrections in F and F+. This
is a remarkable result, not expected a priori since
the normalization of τ1/2 is not fixed by symmetry
arguments. The obtained τ1/2 is depicted in fig.3,
where the shaded region essentially represents the
theoretical uncertainty of the calculation. Using
the expansion near y = 1:
τren1/2 (y) = τ1/2(1)
(
1−ρ21/2(y−1)+c1/2(y−1)2
)
(10)
we get τ1/2(1) = 0.35± 0.08, ρ21/2 = 2.5± 1.0 and
c1/2 = 3± 3. Neglecting αs = 0 corrections QCD
sum rules would give τ1/2(1) ≃ 0.25 [15,18].
Other determinations of τ1/2(y) have appeared
in the literature, based on various versions of the
constituent quark model [19]. The results range
in a broad interval, τ1/2(1) = 0.06 − 0.40 and
ρ21/2 = 0.7 − 1.0, and critically depend on the
detailed features of the models employed in the
numerical calculation.
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Figure 3. Form factor τ1/2(y) from QCD sum
rules
As for τ3/2(y), a QCD sum rule analysis to the
order αs = 0 gives τ3/2(1) ≃ 0.28 and ρ23/2 ≃ 0.9
[15]. Quark models give predictions in the range
τ3/2(1) ≃ 0.31− 0.66 and ρ23/2 ≃ 1.4− 2.8 [19].
As far as the decays B → (D0, D∗1)ℓν are con-
cerned, using Vcb = 3.9 × 10−2 and τ(B) = 1.56
ps, we predict B(B → D0ℓν¯) = (5 ± 3) × 10−4
and B(B → D∗1ℓν¯) = (7 ± 5) × 10−4. This rep-
resents only a very small fraction of the semilep-
tonic B → Xc decays . Although the branching
ratios are small, one can hope that the semilep-
tonic B transitions to the sPℓ =
1
2
+
charm doublet
will be identified at the B-factories. At present,
the sPℓ =
1
2
+
charm doublet is difficult to be dis-
tinguished from the non-resonant background.
In conclusion, we stress that predictions de-
rived within HQET should always be supported
by the computation of 1/mQ as well as radiative
corrections. The role of both depend on the var-
ious situations. In the case of τ1/2 we have ob-
tained that αs corrections are under control for
τ1/2, while they considerably affect the leptonic
constant F+.
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